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Description 

SYSTEM FOR CONTROLLING NOx 
EMISSIONS DURING RESTARTS OF 
HYBRID AND CONVENTIONAL VEHICLES 

Background of Invention 

[0001] 1. Field of the Invention 

[0002] The invention relates generally to a system and method 
for a strategy for monitoring and controlling engine NOx 
emissions, and more particularly to a system and method 
for monitoring and controlling NOx emissions during 
restarts of hybrid and conventional vehicles. 

[0003] 2. Background Art 

[0004] Hybrid electric vehicles (HEVs) utilize a combination of an 
internal combustion engine (ICE) in connection with an 
electric motor. The electric motor is fed electrical energy 
from a battery to provide the power needed to propel a 
vehicle (i.e., provide power to vehicle wheels) for im- 
proved fuel economy when compared to a conventional 


(i.e., an internal combustion engine only) vehicle. In a hy- 
brid vehicle, fuel economy can be improved and exhaust 
emissions can be reduced by shutting down (i.e., turning 
off) the engine, especially when the ICE operates ineffi- 
ciently, and using the electric motor to provide all of the 
power needed to propel the vehicle. As such, hybrid elec- 
tric vehicles (HEVs) typically perform engine shut off and 
restart operations frequently while driving. 
[0005] However, when the user (e.g., driver of the vehicle) wants 
more power than the electric motor can provide or when 
the battery becomes depleted, the engine is generally 
restarted to provide the requested additional power. Dur- 
ing engine shut downs and restarts, air is pumped by the 
engine into the exhaust system. An exhaust system cata- 
lyst adsorbs the oxygen from the air. Frequently, the vol- 
ume of the adsorbed oxygen is sufficient to saturate the 
oxygen storage capacity of the catalyst. A three-way cata- 
lyst (TWO that has a saturated or nearly saturated oxygen 
storage capacity can have diminished NOx conversion 
ability. When combustion is resumed (i.e., when the en- 
gine is restarted), the NOx emissions from the engine typ- 
ically are not efficiently reduced or eliminated by the cat- 
alytic converter until the oxygen storage level in the cat- 


alytic converter is reduced from the saturated level. 
[0006] Conventional non-hybrid vehicles (i.e., vehicles that are 
powered only be an internal combustion engine) operate 
under similar circumstances during deceleration fuel 
shutoff. As such, conventional vehicles can have dimin- 
ished NOx conversion ability during deceleration fuel 
shutoff. 

[0007] One example of a conventional approach to controlling 
exhaust emissions for ICEs is disclosed in U.S. Patent No. 
6,629,408. The exhaust emission control system includes 
first and second oxygen concentration sensors respec- 
tively provided upstream and downstream of the nitrogen 
oxide removing device for detecting an oxygen concen- 
tration in the exhaust gases. The air-fuel ratio of an air- 
fuel mixture to be supplied to the engine is changed from 
a lean region to a rich region with respect to a stoichio- 
metric ratio. An amount of reducing components flowing 
into the nitrogen oxide removing device from the time 
when an output value from the first oxygen concentration 
sensor has changed to a value indicative of a rich air-fuel 
ratio after enrichment of the air-fuel ratio is calculated. 
Deterioration of the nitrogen oxide removing device is de- 
termined according to the calculated amount of reducing 


components and an output value from the second oxygen 
concentration sensor. However, such conventional ap- 
proaches generally fail to monitor and predict the effec- 
tiveness of the HEV and conventional ICE vehicle restart 
emissions performance, and fail to provide remedial pro- 
cesses. 

[0008] Thus, to efficiently and effectively provide for controlling 
exhaust emissions for ICEs, there is a need for an im- 
proved system and method for monitoring NOx emissions 
during restarts of hybrid vehicles and conventional vehi- 
cles. 

Summary of Invention 

[0009] The system and method of the present invention generally 
provides information on the NOx conversion performance 
of vehicles during stop-start events. The present inven- 
tion may be advantageously implemented in connection 
with hybrid electric vehicles (HEVs) and in connection with 
conventionally powered (i.e., internal combustion engine 
only) vehicles. In one example, the present invention may 
use conventional heated exhaust gas oxygen sensors 
(HEGOs). In another example, the present invention may 
use wide-band (universal) exhaust gas oxygen sensors 
(UEGOs). In yet another example, the present invention 


may use a combination of HEGO and UEGO EGO sensors. 

[0010] The system and metliod of tlie present invention generally 
provide for on-board diagnosis (OBD) of NOx perfor- 
mance during an engine stop-start event. The system and 
method of the present invention generally provide feed- 
back to the emissions control strategy on the emissions 
conversion performance of the vehicle. The feedback gen- 
erally provides improved or optimized performance of the 
emissions control system. 

[0011] A system and method is disclosed that substantially over- 
comes the limitations and shortcomings of conventional 
emissions control systems and methods. In accordance 
with one embodiment of the present invention, a system 
for controlling exhaust emission oxides of nitrogen (NOx) 
during restarts of an internal combustion engine (IGE) is 
disclosed. The system includes a first sensor for deter- 
mining a first level of exhaust gas oxygen at a location 
upstream of a catalytic converter, a second sensor for de- 
termining a second level of exhaust gas oxygen at a loca- 
tion mid-bed of the catalytic, and a controller for per- 
forming at least one process to reduce NOx emissions 
when a difference between the first level of exhaust gas 
oxygen and the second level of exhaust gas oxygen ex- 


ceeds a predetermined amount. 

[0012] Further, a system for controlling exhaust emission oxides 
of nitrogen (NOx) during restarts of an internal combus- 
tion engine (ICE) is disclosed. The system includes a first 
sensor for determining a first level of exhaust gas oxygen 
at a location mid-bed of a catalytic converter, a second 
sensor for determining a second level of exhaust gas oxy- 
gen at a location downstream of the catalytic converter, 
and a controller for performing at least one process to re- 
duce NOx emissions when a difference between the first 
level of exhaust gas oxygen and the second level of ex- 
haust gas oxygen exceeds a predetermined amount. 

[0013] Yet further, a system for controlling exhaust emission ox- 
ides of nitrogen (NOx) during restarts of an internal com- 
bustion engine (ICE) is disclosed. The system includes a 
first sensor for determining a first level of exhaust gas 
oxygen a location upstream of a three-way catalytic con- 
verter (TWO, a second sensor for determining a second 
level of exhaust gas oxygen at a location mid-bed of the 
TWC, a third sensor for determining a third level of ex- 
haust gas oxygen a location downstream of the TWC, and 
a controller for dynamically monitoring the exhaust gas 
oxygen level at the locations in the exhaust system and 


performing at least one process to reduce NOx emissions 
when a difference between the levels of exhaust gas oxy- 
gen exceeds a predetermined amount. 
[0014] Further advantages, objectives and features of the inven- 
tion will become apparent from the following detailed de- 
scription and the accompanying figures disclosing illus- 
trative embodiments of the invention. 
Brief Description of Drawings 

[0015] Figure 1 is a diagram of a powertrain system of the 

present invention; and 
[0016] Figures 2(a-b) are diagrams of plots of air-to-fuel ratio 

for a conventional powertrain system and a powertrain 

system according to the present invention. 
Detailed Description 

[0017] The effectiveness of the internal combustion engine 

(ICE)restart exhaust gas emissions performance may be 
monitored and predicted by monitoring exhaust gas oxy- 
gen (EGO) sensor (e.g., heated exhaust gas oxygen (HEGO) 
sensor, and universal or wide-band exhaust gas oxygen 
(UEGO) sensor) response using the system and method of 
the present invention. 

[0018] During shutdown, the ICE typically pumps a volume of 


oxygen into the exhaust gas such that the exhaust gas 
reaches the engine-out exhaust gas oxygen sensor (e.g., 
EGO, HEGO or UEGO). The oxygen rich exhaust gas does 
not typically reach a mid-bed exhaust gas oxygen sensor 
or a post-catalyst exhaust gas oxygen sensor when the 
engine shut down is performed as planned (i.e., as in- 
tended). The presence of excessively lean exhaust at ei- 
ther of the mid-bed exhaust gas oxygen sensor or the 
post-catalyst exhaust gas oxygen sensor is generally 
caused by a system fault. When the system fault is indi- 
cated, the system and method of the present invention 
generally provide for at least one remedial process or op- 
eration to improve (i.e., reduce the level of) the exhaust 
gas emissions generally, and in particular, improve the 
level of the exhaust gas oxides of nitrogen (NOx). 
[0019] During engine shutdowns and restarts, air is pumped by 
the engine into the exhaust system. An exhaust system 
catalyst adsorbs the oxygen from the air. Frequently, the 
volume of the adsorbed oxygen is sufficient to saturate 
the oxygen storage capacity of the catalyst. A three-way 
catalyst (TWC) that has a saturated or nearly saturated 
oxygen storage capacity can have poor NOx conversion 
ability (i.e., poor ability to buffer lean air-to-fuel (APR) 


transients), and so-called NOx breakthrough occurs. 
When combustion is resumed (i.e., when the engine is 
restarted), the NOx emissions from the engine are not ef- 
ficiently reduced or eliminated by the catalytic converter 
until the oxygen storage level in the catalytic converter is 
reduced from the saturated level. 
[0020] A vehicle powertrain emissions control system and 

method of the present invention may dynamically control 
NOx breakthrough (i.e., reduce the NOx exhaust emis- 
sions from the engine) by implementing the one or more 
remedial processes (i.e., strategies, operations, routines, 
steps, blocks, algorithms, etc.) that generally provide a 
more rich AFR post engine restart condition than would 
occur were such processes not implemented as in conven- 
tional approaches. Such remedial processes generally in- 
clude, but are not limited to, minimizing pumped oxygen 
(e.g., closing throttle (not shown) during shutdown and 
beginning fueling for engine restart sooner), providing 
rich fueling during the engine restart condition to recon- 
dition the catalyst, delaying the restart for a predeter- 
mined time, or limiting the number of restarts to a prede- 
termined number during a selected interval of time, and 
any other appropriate process to meet the design criteria 


of a particular application. 

[0021] Referring to Figure 1, a diagram of a powertrain system 
100 of the present invention is shown. The system 100 
generally comprises an ICE 102, an engine exhaust system 
104, and a controller (e.g., powertrain control module 
(PCM), engine control module (ECM), and the like) 106. 
The ICE 102 may be implemented as an engine that is fu- 
eled by gasoline, diesel, methane, propane, alcohol, etc. 
In one example, the system 100 may be advantageously 
implemented in connection with a hybrid electric vehicle 
propulsion system. In another example, the system 100 
may be advantageously implemented in connection with a 
conventional (i.e., ICE only) vehicle propulsion system. 

[0022] The exhaust system 104 generally comprises an exhaust 
pipe section 108a, an exhaust pipe section 108b, and a 
catalytic converter (i.e., catalyst) 110. The exhaust system 
104 generally receives exhaust gas from the engine 102 
and presents the engine exhaust gas to the atmosphere. A 
first end of the pipe 108a may be connected to the engine 
102 (e.g., at an exhaust manifold) and a second end of the 
pipe 108a may be connected to an inlet of the catalyst 
110. An outlet of the catalyst 110 may be connected to a 
first end of the pipe 108b and a second end of the pipe 


108b may present the engine exhaust gas to the atmo- 
sphere (i.e., the pipe 108b is generally implemented as a 
tailpipe). 

[0023] The catalyst 110 is generally implemented as a three-way 
catalyst (TWC, i.e., a catalytic converter for simultaneous 
removal of CO, NOx, and HC pollutants from the engine 
exhaust gas and having a first or front catalyst 112a at 
the inlet end and a second or rear catalyst 112b at the 
outlet end). A number of engine exhaust gas oxygen 
(EGO) sensors are generally installed (i.e., mounted, fas- 
tened, etc.) at various locations in the exhaust system 104 
to dynamically determine exhaust gas oxygen levels at the 
respective installation locations. An engine-out oxygen 
(EGO) sensor 120 may be installed in the pipe 108a, a 
mid-bed oxygen (EGO) sensor 122 may be installed at a 
mid-bed location in the catalyst 110 (i.e., at a location 
between the front catalyst 112a and the rear catalyst 112b 
in the TWC 110), and a downstream (or post-catalyst) 
oxygen (EGO) sensor 124 may be installed in the pipe 
108b. Generally, the system and method of the present 
invention may be implemented using, in one example, a 
combination of the sensors 120 and 122, in another ex- 
ample, a combination of the sensors 122 and 124, and in 


yet another example, a combination of tlie sensors 120, 
122, and 124. 

[0024] In one example, the sensors 120, 122 and 124 may be 
implemented as UEGO sensors. In another example, the 
sensors 120, 122 and 124 may be implemented as HEGO 
sensors. In yet another example, the sensors 120, 122 
and 124 may be implemented as a combination of UEGO 
sensors and HEGO sensors. 

[0025] The improved system and method for dynamically con- 
trolling engine exhaust emissions of the present invention 
is generally implemented in connection with a processor 
130 and at least one memory (e.g., random access mem- 
ory (RAM), read only memory (ROM), EPROM, EEPROM, 
flash, etc.) 132 in the controller 106. The engine 102 and 
the sensors 120, 122 and 124 are generally electrically 
connected (coupled) to and in communication with the 
processor 106. 

[0026] The powertrain controller 106 generally presents/receives 
a number of signals that may be processed (e.g., filtered, 
compared, logically operated upon, analyzed, etc.) to de- 
termine (i.e., detect) when an improper (or proper) engine 
restart has occurred, and to initiate one or more corrective 
(i.e., remedial) processes when an improper engine restart 


has occurred. The processes performed using the con- 
troller 106 may be implemented in connection with on- 
board diagnosis (OBD) of NOx performance. 

[0027] jhe improper engine restart detection and the one or 

more corrective processes of the present invention may be 
implemented in hardware (e.g., logic circuitry), software, 
firmware, and any appropriate combination thereof to 
meet the design criteria of a particular application. The 
engine 102 may present/receive a signal (e.g., ENG) to/ 
from the processor 106, the EGO sensor 120 may 
present/receive a signal (e.g., S_U) to/from the processor 
106, the EGO sensor 122 may present/receive a signal 
(e.g., S_MB) to/from the processor 106, the EGO sensor 
124 may present/receive a signal (e.g., S_P) to/from the 
processor 106. The signal ENG generally provides infor- 
mation regarding operating conditions of the engine 102 
(e.g., engine speed, crankshaft position, component tem- 
peratures, etc.). The signals S_U, S_MB, and S_P are gener- 
ally related engine air-to-fuel ratio (APR). 

[0028] During restart of the engine 102, some additional oxygen 
is pumped into the exhaust system 104. Very rapidly, the 
engine 102 should begin combusting. When the EGO sen- 
sors 120, 122 and 124 are implemented as UEGO sensors. 


the engine-out oxygen sensor 120 generally reads 
(determines) the oxygen level of the exhaust gas (e.g., 
generates and presents the signal S_U). The restart of the 
engine 102 may be indicated by the oxygen sensor 120 
via the signal S_U. That is, the signal S_U may exceed a 
first predetermined level (i.e., amount, quantity, etc.). 

[0029] Typically, slightly rich exhaust gas is desirable to provide 
appropriate exhaust gas NOx emissions performance. The 
slightly rich exhaust gas may also be detected by the sen- 
sor 120 and indicated via the signal S_U (i.e., the signal 
S_U may exceed a second predetermined level that is gen- 
erally higher than the first predetermined level). 

[0030] In one example, when the system 100 is implemented us- 
ing a mid-bed oxygen sensor 122 in connection with the 
engine-out oxygen sensor 120, the sensor 122 (i.e., the 
signal S_MB) generally indicates no or very low level lean 
response when compared to the condition of the exhaust 
gas at the engine-out sensor 120 (i.e., the signal S_U). 
That is, the signal S_MB may be lower than a third prede- 
termined level, and the third predetermined level is gen- 
erally lower than the first predetermined level and the 
second predetermined level. 

[0031] The sensor 122 will generally indicate a low level lean re- 


sponse (i.e., the signal S_I\/IB may be lower than the third 
predetermined level) when the catalyst 110 has adsorbed 
a majority of the oxygen that was pumped into the ex- 
haust 104 without saturating the oxygen storage of the 
catalyst 110. However, when the catalyst 110 is saturated 
with oxygen, oxygen generally breaks through the catalyst 
110 and produces a lean reading in the mid-bed sensor 
122 (i.e., the signal S_MB may exceed the third predeter- 
mined level). 

[0032] A non-saturated catalyst 110 during the restart operation 
of the engine 102 is generally a direct indication of good 
NOx performance by the system 100. However, a catalyst 
110 that is saturated during the restart operation of the 
engine 102 is generally an indication of diminished NOx 
performance by the system 100. 

[0033] When a diminished NOx reduction (or elimination) perfor- 
mance has been determined (e.g., via analysis of the sig- 
nals S_U and S_MB using the controller 106 to calculate, 
determine, compare, etc. that the signal S_U exceeds the 
second predetermined level and the signal S_MB exceeds 
the third predetermined level), the controller 106 gener- 
ally initiates and controls at least one remedial operation 
(i.e., process, response, method, algorithm, steps, blocks. 


routine, etc.) of the system 100 in response to tlie poor 
NOx performance. Tliat is, tlie controller 106 generally 
initiate and controls a process to reduce NOx emissions 
when a difference between the first level of exhaust gas 
oxygen (e.g., the signal S_U) and the second level of ex- 
haust gas oxygen (e.g., the signal S_MB) exceeds a fourth 
predetermined amount. 

[0034] In another example, the system 100 may be implemented 
using the post-catalyst (or downstream) oxygen sensor 
124 in connection with the mid-bed oxygen sensor 122. 
When the mid-bed catalyst oxygen sensor 122 generates 
a signal S_MB that indicates the exhaust gas is lean (i.e., 
the signal S_MB exceeds the third predetermined level) 
and the downstream oxygen sensor 124 does not indicate 
that the exhaust gas is lean (i.e., the signal S_P does not 
exceed the third predetermined level), the first catalyst 
within the TWC 110 is generally saturated but the rear 
catalyst within the TWC 110 is generally not saturated, the 
NOx performance may be acceptable, and no remedial 
operation is initiated and controlled by the controller 106. 

[0035] That is, the controller 106 generally initiates and controls 
a process to reduce NOx emissions when a difference be- 
tween the first level of exhaust gas oxygen (e.g., the sig- 


nal S_MB) and the second level of exhaust gas oxygen 
(e.g., the signal S_P) exceeds the fourth predetermined 
amount. 

[0036] In another example, the ECO sensors 120, 122 and 124 
may be implemented as HEGO sensors or a combination 
of UEGO sensors and HEGO sensors. HEGO sensors (e.g., 
the sensors 120, 122 and 124) generally provide an indi- 
cation of a switch of APR from lean to rich or a switch 
from rich to lean. The predetermined levels related to the 
signals S_U, S_MB and S_P and the predetermined differ- 
ences may comprise binary levels (i.e., the signals and 
levels may be presented as "on" (i.e., asserted) as a digital 
True, HIGH, or 1 state, and "off (i.e., de-asserted) as a 
digital False, LOW, or 0 state). 

[0037] jhe time between the switching of the sensors and other 
events related to the stop-start process (e.g., detection of 
engine restart based on powertrain component speed and 
torque parameters) may provide additional information on 
the restart process that may be included in the analysis 
and correction processes of the present invention. HEGO 
sensors are generally lower in cost and may be more 
readily available than UEGO sensors. 

[0038] In yet another example, the signals S_U, S_MB, and S_P 


presented by the sensors 120, 122, and 124, respectively, 
may all be implemented to determine when the TWC 110 
has diminished NOx elimination performance. The con- 
troller 106 generally initiates and controls at least one 
process to reduce NOx emissions when a combination of 
the signals S_U, S_MB, and S_P indicate diminished NOx 
elimination performance as described above. 

[0039] Referring to Figures 2(a-b), a diagram 200 of an engine 
restart with poor NOx conversion in connection with a 
conventional approach and a diagram 300 of an engine 
restart with good NOx conversion in connection with the 
present invention are shown, respectively. The plots 202 
and 302 illustrate the respective signal S_U, the plots 204 
and 304 illustrate the respective signal S_MB, and the 
plots 206 and 306 illustrate the respective signal S_P. 

[0040] The system and method of the present invention generally 
provides information on the NOx conversion performance 
of vehicles during stop-start events. The present inven- 
tion may be advantageously implemented in connection 
with hybrid electric vehicles (HEVs) and in connection with 
conventionally powered (i.e., internal combustion engine 
only) vehicles. In one example, the present invention may 
use conventional heated exhaust gas oxygen sensors 


(HEGOs). In another example, the present invention may 
use wide-band (universal) exhaust gas oxygen sensors 
(UEGOs). In yet another example, the present invention 
may use a combination of HEGO and UEGO EGO sensors. 
[0041] The system and method of the present invention generally 
provide for on-board diagnosis (OBD) of NOx perfor- 
mance during an engine stop-start event. The system and 
method of the present invention generally provide feed- 
back to the emissions control strategy on the emissions 
conversion performance of the vehicle. The feedback gen- 
erally provides improved or optimized performance of the 
emissions control system when compared to conventional 
approaches. 

[0042] While the best mode for carrying out the invention has 
been described in detail, those familiar with the art to 
which this invention relates will recognize various alterna- 
tive designs and embodiments for practicing the invention 
as defined by the following claims. 


